Objectives-Our previous study showed the synthesis and characterization of a novel urethanelinked trimethacrylate monomer for use as a co-monomer in dentin adhesives. The objective of this work was to further investigate the performance of dentin adhesives containing a new monomer, with particular emphasis on the water sorption and visco-elastic behavior of the crosslinked networks.
Introduction
The mechanical properties of dentin adhesives are critical to their long-term performance in the mouth. Traditionally, the mechanical properties of dental materials have been investigated using static tests. However these methods are not always well suited for measuring the complete material deformation and stiffness properties. This is particularly true for materials which show viscoelastic behaviour under load [1] . Since dental restorative materials are subjected to dynamic loading rather than static loading in the mouth, dynamic tests have become increasingly relevant [2] . Dynamic methods are often preferred [3] as they better mimic the cyclic masticatory loading to which these materials are subjected clinically.
Water present in the mouth is a major interfering factor when bonding adhesives and/or composites to the tooth [4] . The water content of the dentin surface varies as a function of depth [5] , the nature of the substrate ( i.e. caries-affected or healthy) [6] , and the presence of residual rinse water. Under in vivo conditions, there is little control over the amount of water left on the tooth during dentin bonding. In addition to being subject to masticatory stresses, dental materials absorb water in the oral cavity, compromising their physical and mechanical properties, accelerating the degradation of the material, softening of dental resins through plasticization, and facilitating the release of unreacted monomers and degradation products [4, 7, 8] . The study of water sorption and solubility of dental materials is important to understand their long-term performance, since water may promote a variety of chemical and physical processes that create biological concerns as well as producing deleterious effects on the structure and function of the polymer matrix itself.
The selection of the monomers used in dentin adhesives has a considerable influence on the reactivity, degree of conversion, mechanical properties and water uptake of the final materials. In our previous work, we reported the synthesis and characterization of a novel urethane-linked trimethacrylate monomer for use a co-monomer in dentin adhesives and evaluated its physical and mechanical properties to gain perspective on its potential use as a co-monomer in dentin adhesives [9] . The studies presented here further investigate the performance of adhesives containing this new monomer, with particular emphasis on the water sorption and visco-elastic behavior of the crosslinked networks under a simulated wet oral environment. Thus, the objective of this work was to evaluate the water sorption and dynamic mechanical properties of dentin adhesives formulated with the newly synthesized urethane-based multifunctional methacrylate monomer.
Materials and methods

Materials
2,2-bis[4-(2-hydroxy-3-methacryloxypropoxy) phenyl]-propane (BisGMA, Polysciences, Warrington, PA) and 2-hydroxyethylmethacrylate (HEMA, Acros Organics, NJ) were used as received without further purification as monomers in dentin adhesives. 1,1,1-tri-[4-(methacryloxyethylaminocarbonyloxy)-phenyl]ethane (MPE) has been recently synthesized in our laboratories [9] and was used as a co-monomer. The control adhesive resin was composed of BisGMA and HEMA with a mass ratio of 55/45 and formulated with 0 wt% (C0), 8 wt% (C8) and 16 wt% (C16) water to simulate wet bonding in the mouth. This control was compared to experimental adhesive resins, BisGMA/HEMA/MPE = 30/45/25 w/w ratio, which were also formulated with 0 wt% (E0), 8 wt% (E8) and 16 wt% (E16) water. The water concentration values (0, 8 and 16 wt%) were selected on the basis of our previous work [10] [11] [12] . The concentration of water was based on the total final weight of the adhesive resin. In this study, heavy water (deuterium oxide, 99.9%, D 2 O) (Cambridge Isotope Laboratories, Inc. Andover, MA, USA) was used due to the absence of an overlapping water peak at 1640 cm −1 , where monitoring of the aliphatic C=C bond is essential for determining degree of conversion. Camphorquinone (CQ) and ethyl-4-(dimethylamino)benzoate (EDMAB) were obtained from Aldrich (Milwaukee, WI, USA) and used as a photoinitiator system without further purification. 1,1,1-tris(4-hydroxyphenyl)ethane, dibutyltin dilaurate (DBTL), and 2-isocyantoethyl methacrylate (IEM) were obtained from Aldrich, Milwaukee, WI, USA and used for MPE synthesis. All other chemicals were reagent grade and used without further purification.
Viscosity measurement
Viscosities of the adhesive resins were measured with a TA Instruments AR2000 rheometer (New Castle, Delaware, US) in the controlled-rate mode. The measurements were made at 25°C with 40 mm diameter and 2 ° cone angle in the shear rate range of 10/s to 100/s, at 10 points per decade. At each shear rate, shear was applied for 60 seconds before the viscosity measurement, which was collected in the last 10-second sample period. The ten viscosity measurements over the shear rate range were averaged.
Specimen preparation
Rectangular beam specimens (1×1×15 mm 3 ) were made by curing the resin in a glass-tubing mold (Wilmad Labglass, #LG-25001-100, Standard wall borosilicate tubing) and used for the determination of water sorption and solubility, degree of conversion (DC) and dynamic mechanical properties. The adhesive resins were light-cured for 40 sec at room temperature with a LED light curing unit (LED Curebox, Proto-tech, Portland, OR, USA). The polymerized samples were stored at room temperature for 2 days in a dark room, and then for 1 week in a vacuum oven in the presence of a drying agent at 37 °C.
Degree of conversion (DC)
The DC was determined by using a LabRAM ARAMIS Raman spectrometer (LabRAM HORIBA Jobin Yvon, Edison, New Jersey) with a HeNe laser (λ=633 nm, a laser power of 17 mW) as an excitation source [13, 14] . The instrument conditions were: 200 µm confocal hole, 150 µm wide entrance slit, 600 gr/mm grating, and 10 × objective Olympus lens. Data processing was performed using LabSPEC 5 (HORIBA Jobin Yvon). The samples were mounted in a computer-controlled, high-precision x-y stage. To determine the DC, spectra of the uncured resins and beam samples were acquired over a range of 700 -1800 cm −1 . The change of the band height ratios of the aliphatic carbon-to-carbon double bond (C=C) peak at 1640cm −1 and the aromatic C=C at 1610cm −1 (phenyl) in both the cured and uncured states was monitored and the DC calculated using the following equation based on the decrease in the intensity band ratios before and after light curing.
where R = band height at 1640 cm −1 /band height at 1610 cm −1 . The average was obtained from four readings.
Water sorption and solubility
Water sorption and solubility were measured using rectangular beam specimens (1×1×15 mm 3 ) made exactly as those used for dynamic mechanical analysis (DMA). Four specimens were prepared for each dentin adhesive. The polymerized samples were stored at room temperature for 2 days in a dark room, and then for 1 week in a vacuum oven in the presence of a freshly dried silica gel at 37 °C. Samples were then stored in a desiccator at 23 °C for 1h and weighed with a calibrated electronic balance (a resolution of 0.01 mg). This drying cycle was repeated until a constant mass (m 1 ) for each specimen was obtained. After drying, the specimens were immersed in distilled water at 37 °C. At fixed time intervals (3h, 5h, 24h, 2d, 4d, 7d, 10d) they were removed, blotted to remove excess water, weighed (m 2 ) and returned to the water until a constant weight was obtained. All the specimens were then removed from the water and placed in a vacuum oven containing a freshly dried silica gel at 37 °C until a constant weight was achieved (m 3 ) [8, 15] . The values (%) for water sorption (W sp ) and solubility (W su ) were calculated as
Dynamic mechanical analysis (DMA)
The viscoelastic properties of the dentin adhesives were characterized using DMA Q800 (TA Instruments, New Castle, USA) with a three-point bending clamp. Rectangular beam specimens (1×1×15 mm 3 ) were divided into two groups of total six samples each. The first group consisted of dry samples, which had been stored in the dark at room temperature for 2 days and for 1 week in a vacuum oven in the presence of a freshly dried silica gel at 37 °C. These specimens were tested by standard 3-point bending clamp (Fig. 1a) . The test temperature was varied from 0 to 200 °C with a ramping rate of 3 °C/min at a frequency of 1 Hz.
The second group consisted of wet samples, which had been dried as above and stored in distilled water at 37 °C for 5 days and then tested by 3-point bending using a water-submersion clamp (Fig. 1b) . The test temperature was varied from 4 to 80 °C with a ramping rate of 3 °C/ min at a frequency of 1 Hz. The properties measured under this oscillating loading are storage modulus (E') and tan δ. The E' value represents the stiffness of a viscoelastic material and is proportional to the energy stored during a loading cycle. The ratio of loss modulus (E") to storage modulus E' is referred to as the mechanical damping, or tan δ (i.e., tan δ = E" / E'). The tan δ value reaches a maximum as the polymer undergoes the transition from the glassy to the rubbery state. The glass transition temperature (Tg) was determined as the position of the maximum on the tan δ vs. temperature plot. Five specimens of each material were measured and the results averaged.
The results were analyzed statistically using analysis of variance (ANOVA), together with Tukey's test at α=0.05 (Microcal Origin Version 6.0, Microcal Software Inc., Northampton, MA).
Results
The viscosities of adhesive resins containing different water content are shown in Table 1 . The viscosity decreased in the order (mPa•s): E0 (234) > C0 (191) > E8 (110) > E16 (83) > C8 (79) > C16 (65). Table 1 also shows the degree of conversion of the adhesive polymers. The DC for samples cured in the absence of water was ~91 %, while samples cured in the presence of water showed a somewhat higher DC (~96 %).
In distilled water at 37 °C, the control and experimental adhesives showed water sorption behavior (Fig. 2, Table 2 ). All the samples tested exhibited rapid water sorption in the first 24 h of immersion in distilled water. The time required to reach maximum water sorption was greatest in polymer C16 and E16. The water solubility varied from a low of 0.5 % for C0 and E0 to a high of 1.6 % for C16 (Table 2) . Since water sorption and solubility occur simultaneously, they were added together to provide an estimate of the total water uptake. These values varied from 9.4 % to 16.9 % ( Table 2 ). Fig. 3 shows representative tan delta curves of control and experimental adhesive polymers as a function of temperature. The heights of the tan delta peaks and corresponding full-width-athalf-maximum values are given in Table 3 . All samples showed a wide range of widths of the tan δ curves; overall, the tan δ peak heights of experimental adhesives were significantly lower (p < 0.05) than those of control. Tg values for C0 and E0 were nearly identical, but the differences in Tg between the control and experimental adhesives cured in the presence of water were significant (p < 0.05). Table 4 shows the values of average storage modulus (E´) measured by standard 3-point bending clamp and by 3-point water-submersion clamp methods at various temperatures. For all samples, the storage moduli decreased slowly at low temperatures (25, 37 °C). As the temperature was increased to the glass transition region (~145 -165 °C) the storage moduli decreased markedly. With continued heating, all samples reached the rubbery plateau region, in which there was no further decrease in storage modulus. In the rubbery region, the average storage moduli of experimental adhesives (~29 -41 MPa) were significantly greater (P < 0.05) than those of corresponding control adhesives (~22 -25 MPa). The average storage moduli (É ) measured using the 3-point water-submersion clamp method were significantly less than those of standard 3-point bending clamp. In addition, the storage moduli at 70 °C of experimental adhesives (~398 -800 MPa) measured by using the submersion clamp method were significantly (P < 0.05) greater than those of control samples (~261 -454 MPa). Fig. 4 shows the inverse ratio (ζ) of the modulus in the rubbery region to the temperature at which the modulus was measured, plotted as a function of water content (%). The value of ζ is generally considered to be inversely correlated to the crosslink density of the network, with higher ζ values corresponding to lower crosslink density [16] . The experimental adhesives showed lower ζ values than those of the control adhesives regardless of water content. The lowest ζ values were observed for E8 and E16, suggesting that these samples have the highest crosslink density. This difference between control and experimental adhesives is greatest at the highest water content (16%).
Discussion
Clinically, dentin adhesives are placed on the moist dentin surface and subsequently lightcured. Residual water on the dentin surface may dilute the adhesive monomers prior to polymerization, thereby influencing the formation of the polymer network and the resulting mechanical properties. Because of its small size, water is expected to penetrate into nano/ micrometer-size free volume spaces between polymer chains or cluster around functional groups that are capable of hydrogen bonding, which may alter mechanical properties observed at the macro scale. Water sorption initially causes a softening of the polymer network by swelling and reducing the frictional forces between the polymer chains. The absorbed water also acts as a plasticizer, lowering the mechanical properties of the polymer network [17] . Water sorption and solubility may also precede various chemical and physical processes that create biological concerns as well as producing structure/property changes in the polymer matrix.
The results presented here showed no significant differences in the DC and solubility of control and experimental adhesive polymers, suggesting that the experimental adhesives reach DC and solubility comparable to that of the control, regardless of the presence or absence of water (Table 1 and Table 2 ). In addition, both control and experimental adhesives showed similar water sorption behavior. However, the experimental adhesives showed significantly (P < 0.05) less water sorption, which may be due to greater crosslink density of the polymer network due to the higher functionality of the new monomer (Table 2 ). This result is also in agreement with previous investigations reporting that water sorption of dental polymers is affected by crosslinking [18, 19] . The decreased water sorption of the experimental adhesives relative to controls is consistent with the DMA results, which showed higher crosslink density, and supports our previous report on the degradation of dentin adhesives [9] .
Many dental materials contain crosslinked polymers formed by photopolymerization of multifunctional monomers and exhibit viscoelastic behavior when are exposed to cyclic masticatory loading in the oral environment [20] . Dynamic mechanical analysis (DMA) is particularly well suited to characterizing viscoelastic materials and has been suggested as a valuable tool for obtaining information regarding the crosslink density and structural heterogeneity of polymer networks, since the method measures both elastic and viscous responses [21, 22] . In the current study, the widths of the tan δ curves (Fig. 3,Table 3 ) indicate that the glass transition occurs over a wide temperature range. This broad glass transition can be attributed to heterogeneous networks containing both highly crosslinked and less densely crosslinked regions [22] , resulting in a broad distribution of mobilities or relaxation times. The greater width for E0 (Table 3) is consistent with highly heterogeneous network regions, which may be due in part to restricted mobility of the propagating radicals in this solution of relatively high viscosity (Table 1 ). The intensity of the maximum tan δ peak reflects the extent of mobility of the polymer chain segments at this temperature [23] . All experimental adhesives showed lower tan δ peak heights than those of the control, indicating increasingly elastic behavior (i.e., more energy is stored in the material) and greater crosslink density [24, 25] . The lower tan δ peak heights in experimental adhesives may be due to greater crosslink densities in networks containing the new multifunctional monomer, MPE. The storage moduli of all the samples tested show a gradual decrease with increasing temperature, decreasing more drastically above 70 °C and finally reaching the rubbery plateau. The modulus value in the rubbery plateau has been related to the crosslink density of the material [14, 22, 26] . The ratio of rubbery modulus to the absolute temperature at which that modulus was measured, ζ, is inversely related to the crosslinking density of polymer network [14, 27] . By this measure, the adhesives formulated with newly synthesized monomer showed greater crosslink densities than those of control adhesives (Fig. 4) . This is consistent with the results from water sorption and tan δ data described above.
The 3-point bending water-submersion clamp method used in this study is expected to be representative of the wet environment of the mouth as compared to the standard 3-point bending clamp method. Samples can be heated to only 80 °C for the 3-point bending water-submersion clamp method. The moduli of samples measured by the water-submersion clamp method were significantly less than those of dried samples measured by a standard clamp. This difference is likely due to plasticization [4, 7, 28] of the polymer in the wet environment. The polar functional groups in the adhesive resins included hydroxyl groups in BisGMA and HEMA. Water attracted to polar groups in the polymer matrix forms hydrogen bonds resulting in reduced polymer chain interactions, e.g. entanglements and chemical bonding, and is responsible for plasticizing polymers.
Conclusions
Water sorption and dynamic mechanical properties have been studied for new dentin adhesives containing a urethane-linked multifunctional methacrylate (MPE) and compared with a BisGMA/HEMA control. Experimental adhesives containing MPE showed less water sorption, lower tan δ peak heights, and higher crosslink density than controls, without compromising DC. Thus, MPE, when included as a component of methacrylate dentin adhesives, may offer enhanced durability in the moist environment of the mouth. (a) Small standard 3-point bending clamp and (b) 3-point bending submersion clamp. Water sorption of dentin adhesive polymers as a function of storage time. Four specimens were prepared for each adhesive polymer and immersed in distilled water at 37 °C at fixed time intervals. Symbols: C0, C8, and C16, control formulations polymerized at 0%, 8%, and 16% water; E0, E8, and E16, experimental formulations polymerized at 0%, 8%, and 16% water. n = 4 +/− S.D. Representative tan delta versus temperature curves of control (C0, C8, C16) and experimental (E0, E8, E16) adhesive polymers with 0%, 8% and 16% water contents. The polymerized samples were stored in the vacuum oven under drying agent at 37 °C for 1 week after curing. DMA (TA Instruments, Q800) with a three-point bending clamp was conducted over a temperature range of 0 ~ 200 °C with a ramping rate of 3 °C/min at a frequency of 1 Hz. n = 5 +/ S.D. The inverse ratio of the modulus in the rubbery region to temperature at which the modulus was measured plotted as a function of water concentration(%) in adhesive polymers. Value are mean (error bar : standard deviation) for n=5 in each group. 
